Anzenbacher, Jr. and coworkers describe a fluorescence-based assay that can evaluate the efficacy of potential carbonic anhydrase II (CA II) inhibitors. This highthroughput assay utilizes an indicator-displacement assay concept based on treating a fluorescent indicator with the enzyme to quench the indicator bound inside the enzyme-binding pocket. The fluorescence recovery is directly proportional to the affinity of the inhibitor for the enzyme, which enables evaluation of the carbonic anhydrase inhibitor as a potential drug. 
INTRODUCTION
Carbonic anhydrases (CAs; EC 4.2.1.1) are ubiquitous Zn 2+ metalloenzymes. [1] [2] [3] The 15 known human CA isozymes display different catalytic efficiency, subcellular localization, and tissue distribution. [4] [5] [6] However, all CAs catalyze the reversible hydration of carbon dioxide to bicarbonate (CO 2 + H 2 O $ HCO 3 À + H + ). [7] [8] [9] Many of the CA isozymes involved in these processes are important therapeutic targets in the treatment of a range of disorders, including edema, 10, 11 glaucoma, 12,13 obesity, 14, 15 cancer, 16, 17 epilepsy, 18, 19 altitude sickness, 20, 21 and osteoporosis. 22, 23 Because of the importance of this family of proteins, numerous studies have been devoted to the design of isozyme-specific CA inhibitors, displaying few side effects. 24, 25 Among CA inhibitors, the most promising class are unsubstituted sulfonamides. [26] [27] [28] Current approaches to estimating inhibitor efficiency have for the most part been limited to molecular docking calculations [29] [30] [31] or measurement of catalytic activity. 32, 33 Fluorescence-based assays, despite their potential, are still less frequent. 34, 35 However, molecular docking is often not quantitative, and measuring catalytic activity is difficult in a high-throughput fashion to screen large libraries of ligands. We decided to use a supramolecular chemistry approach based on an indicator-displacement assay 36 in order to bridge the gap between the inexpensive but simplified docking models and the accurate but delicate catalytic activity studies.
In order to design a suitable indicator, we exploited the affinity of sulfonamides for the Zn 2+ catalytic site of CAs. The sulfonamide ligand is attached to a fluorescent dye
The Bigger Picture whose function is to signal the binding event. 37, 38 Such an indicator is bound by the CA with an associated change in indicator fluorescence. In the presence of a CA-binding inhibitor, the indicator is displaced from the enzyme, causing the original fluorescence to be re-established as shown in the scheme in Figure 1 . We believe that this principle is general and could be used whenever an enzyme binds a known ligand that can be conjugated to a dye.
RESULTS AND DISCUSSION
Indicator Design and Synthesis Detailed synthetic routes for indicators S1-S5 (shown in Figure 2 ) are summarized in the Supplemental Information (see Supplemental Experimental Procedures and Schemes S2.1-S2.6) together with information on their photophysical properties. All of the indicators prepared feature the 1,3,4-thiadiazol-5-yl-2-sulfonamide moiety, known to possess a high binding affinity toward the zinc ion embedded in the binding pocket of CAs. 2 This high-affinity moiety was conjugated with three different fluorophores: 7-methoxycoumarin (S1 and S2), (dimethylamino)naphthalene (S3 and S4), and pyrene (S5). One type of indicator was prepared by coupling of the 1,3,4-thiadiazol-5-yl-2-sulfonamide moiety directly with fluorophore (S1 and S3), whereas the other type includes a six-or nine-atom-long spacer linking the ligand with the fluorophore (S2, S4, and S5). Interestingly, the fluorescence quantum yields (see Table S2 and Figure S3 ) show that higher values were obtained for extended indicators S2, S4, and S5 (52%, 10%, and 28%, respectively) than for their short congeners S1 and S3 (17% and 1%, respectively).
Fluorescence Titrations
To confirm that the indicators interact with CA, we carried out fluorescence titrations. Indicator S1 ( Figure 3A ) showed fluorescence signal quenching by 90% upon the addition of an incremental amount of carbonic anhydrase isozyme II (bCA II). 7-Alcoxycoumarins (S1 and S2) are known to exhibit a solvent-dependent fluorescence such that the fluorescent intensity increases with increasing polarity of the medium (e.g., the fluorescence quantum yield of 7-methoxycoumarin is 0.5 in buffer but only 0.03 in methanol). 39 This is different from the environment-sensitive fluorophores (S3-S5), where fluorescence amplification is observed [40] [41] [42] before addition of the CA inhibitor. 37 We also carried out fluorescence titration experiments with isozyme II of human carbonic anhydrase (hCA II) to see how the fluorescence response differs between the two isozymes (see Figures S4-S17 ). It is known that the sequence homology between bCA II and hCA II is about 80%. 43 Not surprisingly, hCA II provides a comparable response with only a slightly higher binding constant (Table 1) . To prove that the response is specifically related to CAs, we performed the same experiment with human serum albumin (hSA) 44 and found a negligible response of indicator S1 on addition of hSA ( Figure 3B ). 
Displacement Assay
As a result of the large changes in fluorescence between free and bound indicator, it is possible to exploit this sensitivity by setting up an indicator-displacement assay ( Figure 1 ). Figure 3 shows the quenching of the indicator upon the addition of bCA II, and Figure 5 shows the recovery of the fluorescence on addition of a CA inhibitor. To further investigate the ability of the CA-indicator complexes to signal the presence and affinity of CA inhibitors, we used a library of non-fluorescent sulfonamide CA inhibitors to set up a competitive assay (Figure 2 , bottom). The structures were selected so that various electronic and steric effects on the competitive binding could be evaluated. The library included two aliphatic (I1, I2) and six aromatic (I3-I9) sulfonamides as well as five drugs of clinical relevance: acetazolamide (I10), 
methazolamide (I11), ethoxzolamide (I12), brinzolamide (I13), and celecoxib (I14).
To illustrate the utility of the assay, we also included an isosteric sulfamate inhibitor topiramate (I15). In order to determine the affinity constants of the model inhibitors I1-I15 to carbonic anhydrase, we carried out fluorescence titrations and calculated binding affinities from the titration isotherms (see Equations S1-S9 for details).
Docking Analysis and Comparison with Experimental Data
The above results obtained from the displacement assay were then compared with the results derived from docking calculations using AutoDock Vina 46 (details of the calculations are described in the Supplemental Information, ''Molecular Modeling: Sensors and Inhibitors Docking Study''). We used S1 for the fluorescence titrations because this indicator provided a relatively high quantum yield and a strong response. A solution of indicator S1 was premixed with bCA II at a concentration corresponding to the saturation region of the fluorescence isotherm (9.6 mg/mL), and the resulting mixture was titrated with the inhibitor solution ( Figure 4 ). Table 2 summarizes the binding affinities obtained from competitive titration experiments for inhibitors I1-I14 and the values calculated by AutoDock Vina (see Figures S19-S31 and Tables S5, S18 , and S19 for details).
In the case of inhibitors I1 and I2, no change in fluorescence intensity was observed (up to 1 mM), presumably because the binding affinity of the thiadiazole sulfonamidebased indicator S1 to bCA II is several orders of magnitude higher than those of inhibitors I1 and I2. An interesting trend, however, was observed for aromatic and heteroaromatic inhibitors I3-I9. p-Substituted benzene sulfonamides I3 and I5 display higher binding constants than o-methylbenzene sulfonamide I4 as a result of the steric hindrance of the methyl group near the sulfonamide group that binds to zinc at the active site of the protein. The constant obtained for I5 was higher than that for I3. Similarly, the hydrophobic residues in I6 and I8 resulted in higher affinity. This is rationalized by the observation that two or three hydrophobic rings provide high affinity, a structural feature displayed in a number of CA inhibitor-based drugs such as ethoxzolamide I12, brinzolamide I13, and celecoxib I14. 4-Nitrobenzene sulfonamide I7 lacks an extended aromatic system or low-polarity substituents; we believe that its surprising affinity to CA is a result of increased acidity and metalcoordinating ability of the sulfonamide group, imparted by the -NO 2 substituent. Thiophene sulfonamide I9 showed low affinity to CA, as reflected by both the assay and the calculation. As expected, the highest apparent constant was observed for inhibitors I12 and I13, of which I13 was the highest. The experimentally determined affinity constants ranged from 10 4 to 10 11 M À1 (Table 2 ). Docking calculations also indicated that I10-I14 were among the high-affinity ligands; the highest computed constant was for p-phenoxybenzene sulfonamide I8 (2.8 3 10 6 M À1 ).
Perhaps the most important outcome of this study is the observation that the magnitude of the indicator fluorescence response observed upon addition of inhibitor directly correlates with the affinity of the inhibitor for CA. Following the data in Figure 6 , one can see that, for example, at inhibitor concentrations of 5-20 mM, the order of the observed fluorescence response is
I12 (ethoxzolamide) and I13 (brinzolamide) display a significantly higher response and affinity toward CAs. Thus, any unknown inhibitor candidate displaying a fluorescence response amplification between I12 and I10 would be a very good drug candidate suitable for further optimization. The correlation between the magnitude of the fluorescence response and the inhibitor-CA affinity was further probed in silico.
Fluorescence-Array-Based Assays
In order to investigate the utility of this dye-displacement type system and its utility in high-throughput settings, we designed a fluorescence microarray by using indicators S1, S3, and S5, which provided the best response in competitive experiments (see Supplemental Experimental Procedures and Figures S32-S52 ). We performed the statistical evaluation of the array response to the solutions of inhibitors by using linear discriminant analysis (LDA). LDA is a statistical method used to reduce a multidimensional dataset to achieve an easier interpretation.
47,48
Qualitative Assay The LDA analysis revealed an excellent recognition capability of the indicators, as illustrated by the 100% correct classification of all 8,640 trials by the leave-one-out procedure. Figure 7A shows the LDA results in a 3D response space defined by the first three canonical factors (F1-F3). Here, the indicator array recognized the inhibitors I1-I14 and sorted them into three subgroups according to their structural features: aliphatic, aromatic inhibitors, and high-affinity inhibitors (commercially available drugs). This result is very important because it shows that the observed responses correlate with the structure of the inhibitors. This suggests not only that such an analysis can be used to screen ligands for potential drug development but also that the present assay can be an important tool for investigating the structure-function relationships between ligands and enzymes.
Quantitative or Semi-quantitative Assay
The positive outcome of the qualitative analysis suggested that a semi-quantitative assay could also be successful. To test this hypothesis, we set up a semi-quantitative assay by using the same set of variables to identify varying concentrations of I5, I9, I10, I11, and I13 ( Figure 7B ). All five inhibitors showed a smooth isotherm-like trend, suggesting direct correlation between the response magnitude and concentration. Figures 7C and 7D show the semi-quantitative analysis utilizing F1 largely defined by the fluorescence response and concentration-dependent normalization, which highlights the difference in affinity among different inhibitors. As expected, the most efficient inhibitor, I13 (K I = 8.4 3 10 10 M À1 ), elicits the largest magnitude in the fluorescence response from enzyme-indicator assemblies; on the other extreme, the low response of I9 (K I = 2.5 3 10 6 M À1 ) reflects a lower affinity than that of the remaining inhibitors in the array. This is encouraging because it suggests that the binding affinity of the inhibitors to CA II could be evaluated just on the basis of the magnitude of their fluorescence responses reflected by the canonical factors of LDA. The results of the semi-quantitative analysis also suggest that the array should allow for a rigorous quantitative treatment. For the quantitative analysis of inhibitors I5, I9, I10, I11, and I13, we used a support vector machine (SVM) linear regression method, which is suitable for modeling complex responses and the nonlinear behavior of the data. 49 The SVM-based linear regression was successful and allowed for simultaneous prediction of multiple inhibitor concentrations. Here, we used eight inhibitor concentrations to model the behavior of the data and two inhibitor concentrations as a validation dataset for the model. The plots of predicted versus real concentrations for the inhibitors attest to the predictive power of the model (see Supplemental Information). Moreover, we were able to determine the limit of detection (LOD) 48 for several inhibitors: tert-butylbenzene sulfonamide, I5 (LOD = 4.2 mM = 890 ppb), 2-thiophene sulfonamide, I9 (LOD = 19.2 mM = 3 ppm), acetazolamide, I10 (LOD = 2.1 mM = 470 ppb), methazolamide, I11 (LOD = 2.8 mM = 660 ppb), and brinzolamide, I13 (LOD = 14 nM = 6 ppb). Importantly, the LOD values obtained were found to be well below the usual therapeutic concentrations for these therapeutically relevant analytes.
50-52
Molecular Modeling Molecular modeling and docking computational analysis are currently standard tools used to narrow down large libraries of compounds into a smaller subset for experimental testing. To compare the present method with docking computations, we performed the docking analysis for inhibitors I1-I14 and indicators S1-S5 with hCA II. The experimental binding energies reported in Table 2 provide an excellent test set to validate the results of docking. For the docking calculations, we used AutoDock4 Zn 45 and AutoDock Vina 46 (details are provided in the Supplemental Information). In brief, atomic charges for the ligands were derived by restrained electrostatic potential (RESP) fitting from quantum-mechanical calculations. 53 Following the cross-docking analysis by Tuccinardi et al., 54 we used hCA II from PDB: 1OKN as the receptor for docking. Computed docking geometries are in excellent agreement with available crystal structures (see Figure S56 ). However, although AutoDock4 Zn is able to consistently predict good binding geometries because of its improved force field for coordination with zinc, 45 it underestimates the binding affinity of the ligand to the protein in comparison with experimental binding affinities reported in Table 2 . Therefore, we repeated the docking with AutoDock Vina, which uses a better and faster scoring function and therefore allows for incorporation of a larger number of flexible torsions than with AutoDock4 Zn . Using Vina, we were able to include some flexible protein residues in the binding site as well. Vina produced slightly higher binding affinities than AutoDock4 Zn . Thus, these are the values we report in Tables 1 and 2 for S1-S5 and I1-I14, respectively. In most cases, binding affinities computed with AutoDock Vina are still significantly smaller than experimental and literature values. Nevertheless, we find that the trends of the docking computations correlate with the experimental binding affinities, although this correlation is not strong. For instance, the calculations predict a low binding affinity for I1 and I2 and that S1-S5 bind within the protein. However, the docking is significantly less sensitive to structural differences in ligands and is therefore not able to distinguish between ligands or inhibitors of similar affinity. Indeed, whereas experimental binding affinities cover a range of over 7 orders of magnitude, the computed ones range over 4 orders of magnitude. The reason for this discrepancy most likely stems from approximations made in the docking models. More quantitative calculations would require models that can more accurately describe all important binding site interactions between the ligand and enzyme, such as hybrid quantum mechanical/molecular mechanical (QM/MM). 55 However, constructing such models is time consuming and therefore not suitable for high-throughput screening required in the field of drug discovery and structure optimization. This underscores the importance of our approach. Our results indicate that docking tools are useful for recognizing potential inhibitors (e.g., from a large ligand pool) and classifying them as high-or low-affinity inhibitors. However, the usefulness of such simple docking models is limited when it comes to distinguishing between inhibitors that have similar binding affinities (within a few orders of magnitude), as also indicated by other docking studies on hCA II. 54 Therefore, there is a demand for the development of fast, efficient, and accurate experimental techniques complementary to docking models to screen libraries of inhibitors in a high-throughput fashion. The high-throughput dye-displacement assay tool presented here exceeds the capability of the docking calculations, which are mostly qualitative and high-cost catalytic experiments. Fluorescence titration isotherms of the competitive assay for inhibitors I5-I15 as obtained from titration data with bovine carbonic anhydrase isozyme II (9.6 mg/mL) and S1 (500 nM) in HEPES buffer (50 mM and pH 7.2).
Conclusions
We have developed a simple yet effective dye-displacement assay to evaluate the efficiency of inhibitors for carbonic anhydrase enzymes that bind sulfonamide inhibitors. The fluorescence-based displacement study revealed that the indicators used here display on-off behavior such that the fluorescence is largely quenched in the presence of CA but is recovered in the presence of an enzyme inhibitor. The indicators described here enable an array-based displacement assay for various potential and standard CA inhibitors. This assay allows qualitative study of the inhibitors and evaluation of their structure for application as CA inhibitors. The present qualitative study enabled the selection of potential inhibitors and evaluated their CA-binding affinities in a quantitative manner. Finally, the fluorescence assay was compared with a standard tool of drug discovery, computer-generated docking models. The docking results validated the results of the displacement approach and confirmed that these tools are useful for recognizing potential inhibitors and classifying them as high-or low-affinity inhibitors. However, the utility of the standard docking models is limited when it comes to distinguishing between inhibitors that have similar binding affinities, which is the strong point of the displacement assay. The high-throughput dye-displacement assay tool presented in the present work complements the docking analysis tools, which are mostly qualitative, by providing a valuable quantitative insight.
EXPERIMENTAL PROCEDURES
The experimental procedures and details on molecular modeling are included in the Supplemental Information.
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S3 crystallographic data have been deposited in the Cambridge Crystallographic Data Centre under accession number CCDC: 1526920. 
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